Hemin-induced differentiation of the human erythroleukemia cell line K562 results in the expression and accumulation of erythroid-specific gene products such as embryonic and fetal hemoglobins and the elevated synthesis of the major heat shock protein HSP70. This activity was suggested to represent activation of a heat shock gene during erythroid maturation independent of stress induction. In this study, we demonstrate that hemin induces the transcription of two members of the human HSP70 gene family, HSP70 and GRP78 (BiP). However, the induction of HSP70 by hemin showed characteristics consistent with the molecular events associated with a heat shock or stress response. The increase in HSP70 gene transcription was accompanied by induction of the stress-induced form of the heat shock transcription factor. Moreover, a heat shock element was required for the hemin responsiveness of chimeric heat shock promoter-chloramphenicol acetyltransferase genes transiently expressed in transfected K562 cells.
Although expression of the major heat shock protein HSP70 has long been known to be regulated by diverse forms of stress such as heat shock or incubation in heavy metals or amino acid analogs, it has become increasingly clear that expression of heat shock genes is not limited to cells that are undergoing acute stress. Examples of nonstress conditions under which HSP70 is expressed include the cell cycle (15) , response to serum stimulation (32) , early stages of mouse embryogenesis (3) , mouse spermatogenesis (14, 34) , and differentiation of HL60 promyelocytic leukemia cells (20) .
There has been extensive evidence linking the expression of HSP70 to erythroid differentiation. For example, high levels of HSP70 are found in chicken reticulocytes (16) . Moreover, HSP70 is constitutively expressed in primitive chicken embryonic erythrocytes (1) and is transcribed in adult reticulocytes in the absence of heat shock (2) . In the human erythroleukemia cell line K562, HSP70 expression is induced during hemin-induced maturation (25) . Furthermore, a 70-kilodalton protein antigenically related to HSP70 is found in hypotonic lysates from human bone marrow (25) and in erythrocytes from several vertebrate species (R. I.
Morimoto, unpublished observations).
Transcription of the human HSP70 gene is mediated through multiple arrays of cis-acting promoter elements that have distinct regulatory domains for basal or heat shock and stress responsiveness (12, 29, 31) . Consequently, it is not immediately apparent which promoter sequences mediate the expression of HSP70 in erythrocytes. To determine which promoter elements and transcription factors are involved in regulating the expression of HSP70 during erythrocyte maturation, we used the K562 cell as a model system amenable to molecular analysis.
In this study, we show that hemin induces the transcription of two members of the HSP70 gene family, HSP70 and GRP78. By identifying the promoter elements required for hemin inducibility and the transcription factors induced tive polyacrylamide gels. For the competition experiments, the binding reaction mixtures contained 0.1 ng of the 32P-labeled HSE oligonucleotide and a 200-fold molar excess of the unlabeled HSE oligonucleotide (self-competition) or of an unlabeled oligonucleotide containing base substitutions in the crucial G residues involved in heat shock transcription factor (HSF)-HSE interaction (17) .
Transfection and analysis of transfected cells. Cells were transfected by using a modification of published procedures (5, 6; T. McClanahan, unpublished results). K562 cells (3 x 106 per transfection) were washed twice in phosphatebuffered saline, and suspended in 1 ml of DNA-calcium phosphate precipitate prepared by mixing 20 ,ug of DNA, 0.5 ml of 2x BBS solution (5), and 0.5 ml of 0.25 M CaCl,. After a 15-min incubation at room temperature, the cells were plated in 10 ml of Dulbecco minimal essential medium containing 10% calf serum, 6.25 mM CaCl, and 0.05x BBS and incubated overnight at 37°C in 3% CO2. The cells were washed, resuspended in RPMI containing 10% fetal calf serum, and incubated at 37°C for 24 h in the presence or absence 30 ,uM hemin. HeLa cells were transfected similarly except that they were trypsinized and resuspended immediately before transfection (6) . Chloramphenicol acetyltransferase (CAT) assays were performed as described previously, (11) , using 100 ,ug of extract and a 60-min incubation period. To determine whether changes in HSP70 expression were caused by a corresponding increase in message levels, we purified RNA from hemin-treated cells and measured HSP70 mRNA levels by the S1 nuclease assay and by dot blot hybridization analysis. HSP70 mRNA levels increased 10-fold between 3 and 6 h, reached a maximum of 20-fold induction by 12 h, and remained high through 72 h of continuous hemin treatment, (Fig. 2A) . The increased levels of HSP70 mRNA reflected changes in HSP70 gene transcription rate, as measured by the in vitro transcription run-on assay (Fig. 2B ). Increased transcription rates of the HSP70 gene were detected by 6 h and reached maximal levels of eightfold induction between 12 and 40 h.
RESULTS
We also observed that hemin induced a 14-fold increase in transcription of GRP78 (BiP), a second member of the HSP70 gene family (Fig. 2B ). yet had little effect on tran- including the r-actin, ct fos, and c-myc genes (data not shown). Despite the strong increase in GRP78 transcription rate. GRP78 mRNA levels were induced to a lesser extent ( Fig. 2A) . The transcription rate of GRP78 was 3-fold greater than that of HSP70 whereas HSP70 mRNA levels accumulated to a 2.5-fold-greater level than did GRP78 mRNA. The difference between HSP70 and GRP78 transcription rates and message accumulation may reflect posttranscriptional regulation, as had been demonstrated to occur for HSP70 gene expression via increased mRNA stability (26) . The coordinate activation of the HSP70 and GRP78 members of the HSP70 gene family has been previously observed in HeLa cells treated with heavy metals or amino acid analogs (28) .
The HSP70 promoter confers hemin responsiveness to a chimeric gene. To determine whether the 5'-flanking sequences of the human HSP70 gene contain sequences that respond to hemin, we transfected into K562 cells a chimeric HSP70-CAT gene. pHBCAT, which contains 2.8 kilobases of HSP70 5' sequences linked to the CAT gene (30) . All of the K562 cells used in the transfection experiments were incubated in suspension with the same DNA-CaPO4 precipitate to ensure equal transfection efficiency. The levels of HSP70-CAT mRNA were determined by S1 nuclease analysis (Fig. 3A) , using an HSP70-CA T template. As an indicator of properly initiated transcripts (corresponding to a 400-nucleotide protection), HeLa cells were transfected with pHBCAT.
RNA was isolated from pHBCAT-transfected K562 cells that were left untreated for 24 h ( for 6, 24, or 40 h (lanes 4 to 6). Increased levels of the correctly initiated transcript were detected after heat shock or hemin treatment of K562 cells. After 40 h of hemin treatment, the level of HSP70-CAT mRNA increased 5.7-fold relative to the levels of cells incubated in the absence of hemin for the same period (Fig. 3A, lanes 6 and 7) .
Extracts from cells from the same transfection experiment were also used to assay CAT enzyme levels. CAT activity in We conclude from these experiments using chimeric genes containing the HSP70 promoter fused to the CAT gene that the HSP70 promoter contains sequences that respond to both hemin and heat shock.
Continuous exposure to hemin is required for maintaining high levels of HSP70 expression. To determine whether induction of HSP70 and GRP78 expression required continuous exposure to hemin, we removed hemin at various points after its addition and examined HSP70 and GRP78 expression. When hemin was withdrawn after 12 h (Fig. 4 hemin-treated K562 cell extracts. In competition experiments, the lanes marked self were incubated with excess unlabeled HSE oligonucleotide; the non-self lanes correspond to competition with a mutant HSE sequence.
versed during hemin withdrawal. Withdrawal of hemin also results in a decline in hemoglobin accumulation (8; data not shown). This finding reveals that both HSP70 expresssion and hemoglobin accumulation require continuous hemin stimulation during erythroid maturation. Hemin induces the appearance of the stress-induced form of HSF. The activation of HSP70 transcription by cellular stress such as elevated temperature or incubation in heavy metals or amino acid analogs is accompanied by the appearance of the stress-induced form of HSF (13, 17) . To determine whether HSF might be involved in the activation of HSP70 gene transcription by hemin, we performed gel mobility shift assays, using a synthetic oligonucleotide containing the human HSE (17) . We have previously shown that the faster-migrating form of the HSF-HSE complex shown in Fig. 5 (lane 1) is characteristic of unstressed cells, whereas the slower-migrating forms (lane 2) appear after stress induction and are concomitantly induced with increased rates of HSP70 transcription (17) . The sequence specificity of the HSF-HSE interaction has been characterized by competition studies using mutant HSE oligonucleotides and by methylation interference studies (17) . Figure 5 shows the distinct electrophoretic mobilities of the control (lane 1) and stress-induced (lane 2) forms of the HSF-HSE complexes characterized by using extracts from control and heat-shocked HeLa cells. We conclude from these studies that hemin treatment of K562 cells resulted in rapid activation of the stress-induced form of HSF. The appearance of HSF paralleled the increased transcription of the HSP70 gene.
HSE confers hemin responsiveness. The appearance of the stress-induced form of HSF in hemin-stimulated cells suggested a stress-induced mechanism for HSP70 gene transcription. To test the hypothesis that hemin-activated HSP70 gene transcription occurs through HSF-HSE interactions, we transfected K562 cells with human HSP70-CAT chimeric genes. The organization of HSP70 promoter elements and the mutant promoters used to identify the heminresponsive cis-acting element are shown in Fig. 6A ( Fig. 6B, lane 1 ) demonstrated the differences in migration between the acetylated and nonacetylated forms of chloramphenicol. The LSN WT vector, containing sequences to -188, responded to both hemin and heat shock (lanes 2 to 4) by a threefold increase in CAT activity. The A5N/-105 vector, containing sequences to -105 and retaining the consensus HSE, was fully responsive to heat shock and hemin, corresponding to a threefold increase in CAT activity. However, deletion of an additional 5 base pairs to -100 (LSPN WT), which mutated the consensus HSE (C--GAA--TTC--G) to g--tgc--TTC--G (Fig. 6A) , resulted in a promoter that retained the basal level of activity but was neither hemin nor heat shock inducible (lanes 8 to 10). The level of CAT activity as measured by the fraction of [14C]chloramphenicol converted to acetylated forms is shown in Fig. 6C .
These results indicated that the HSE was required for hemin responsiveness of the HSP70-CAT gene in transfected K562 cells. Together with the evidence that the stressinduced form of HSF appears upon hemin stimulation, these data reveal that the signal that activates transcription of the HSP70 gene during hemin-stimulated erythroid maturation operates through HSF-HSE interactions.
DISCUSSION
Our results provide direct molecular evidence that hemin induces in a human erythroleukemia cell line the transcriptional events typically associated with a heat shock or stress response. Given the complexity of the human HSP70 promoter and our previous evidence that distinct regulatory domains confer growth-regulated and heat shock or metal responsiveness (31) . we were surprised to find that sequences required for hemin responsiveness mapped to the HSE and that hemin activated the stress-induced form of HSF. These characteristics, although normally associated with the acute heat shock or stress response, reveal that HSF-mediated transcription may play a role in nonstress conditions such as described here for erythroid maturation. (17) . During heat shock, the levels of HSF are rapidly induced, maintained at high levels through 2 h, and undetected at 4 h (13, 17) . Similar results have been observed with other inducers of HSP70 transcription such as cadmium and azetidine, in which transcription rates and HSF levels are induced between 1 to 2 h, with a return to lower levels by 6 h (17). On the basis of these results, we suggest that it is not an inherent property of HSF activation that the levels of the stressinduced form of HSF are transiently induced, although this conclusion might have been suggested from the use of potentially cytotoxic stress inducers such as heat shock, heavy metals, or amino acid analogs.
The coordinate activation of a stress response with erythroid maturation suggests that these events are obligatorily related. Alternatively, stress induction and erythroid maturation may correspond to parallel but unrelated events. In support of the first suggestion, there are several observations linking the expression of HSP70 with the process of erythroid maturation. In chicken reticulocytes, the HSP70 gene is constitutively transcribed (2) and the protein accumulates to high levels (16) . Moreover, HSP70 is expressed in the primitive lineage of chicken embryonic erythrocytes (1) . Although the function of HSP70 in erythroid cells is not known, a role during transferrin receptor exocytosis (7) has been suggested. HSP70 or HSP70-related proteins are thought to function in various processes involving protein folding and in the assembly or disassembly of macromolecular complexes (4, 9, 19) . Perhaps the dramatic changes in cellular architecture and composition that accompany the events of erythroid maturation require high levels of HSP70.
Although our results do not exclude the possibility that hemin exerts a toxic effect on the cell and thereby induces a stress response, hemin is not considered to be cytotoxic. We and others (25) have observed that hemin fails to induce HSP70 expression in a nonerythroid line such as HeLa (unpublished results) . The relationship between induction of a stress response and differentiation of a cell line has also been described for the promyelocytic cell line HL60. Many inducers of the stress response also induce differentiation of HL60 cells (20) . These inducers, including elevated temperature, CdSO4, and arsenite, are known to induce the stress response in a wide variety of cell types. In contrast, the effects of hemin may be cell type specific.
Another example of a gene regulated by hemin and heat shock is the rat heme oxygenase gene (18, 24) . Interestingly, this gene also has a heat shock element in the 5'-flanking sequences (18) . However, in contrast to the evidence presented here for a common mechanism of hemin and heat shock regulation observed for HSP70 gene transcription, heat shock and hemin responsiveness of the heme oxygenase gene may not be linked. A chimeric gene containing the rat heme oxygenase promoter (including the HSE) has been shown to be heat shock responsive but not hemin responsive in transfected cells (24) . Additional evidence that hemin and heat shock responsiveness are not obligatorily linked has been suggested by the analysis of human heme oxygenase gene expression, which is hemin inducible but not heat inducible (33) . A possible explanation for the difference in the mechanisms regulating hemin responsiveness of the HSP70 and heme oxygenase genes is that heme oxygenase expression is not cell type specific, whereas induction of HSP70 by hemin is specific to erythroid cells.
We suggest that there are at least two classes of hemin- 
